The 2 l plasmid of budding yeast shows high mitotic stability similar to that of chromosomes by using its self-encoded systems, namely partitioning and amplification. The partitioning system consists of the plasmid-borne proteins Rep1, Rep2 and a cis-acting locus STB that, along with several host factors, ensures efficient segregation of the plasmid. The plasmids show high stability as they presumably co-segregate with chromosomes through utilization of various host factors. To acquire these host factors, the plasmids are thought to localize to a certain sub-nuclear locale probably assisted by the motor protein, Kip1 and microtubules. Here, we show that the microtubule-associated proteins Bik1 and Bim1 are also important host factors in this process, perhaps by acting as an adapter between the plasmid and the motor and thus helping to anchor the plasmid to microtubules. Abrogation of Kip1 recruitment at STB in the absence of Bik1 argues for its function at STB upstream of Kip1. Consistent with this, both Bik1 and Bim1 associate with plasmids without any assistance from the Rep proteins. As observed earlier with other host factors, lack of Bik1 or Bim1 also causes a cohesion defect between sister plasmids leading to plasmid missegregation.
Introduction
The naturally occurring 2 l plasmid of budding yeast resides within the nucleus as a tight-knit cluster of plasmids with an average copy number of 40-60. This plasmid is a classic example of parasitism at the molecular level since it does not provide any selective advantage to its host nor imposes any burden on the host when it resides at a steady-state copy number. The entire genetic material of the 6318 bp plasmid appears to be devoted to its own maintenance during which the plasmid exhibits near chromosome-like stability Ghosh et al., 2006; Chan et al., 2013) . This remarkable feat of successful self-maintenance without causing significant fitness disadvantage to the host (Futcher and Cox, 1983 ) is achieved by the plasmid through two plasmid borne systems, namely partitioning and amplification. The partitioning system comprises of plasmid encoded Rep1 and Rep2 proteins and a DNA locus called STB. This system along with several host factors ensures equal distribution of plasmid copies between mother and daughter cells during cell division. However, occasional failure of this scheme leads to a drop in the steady state plasmid copy number in progeny cells that turns on the copy number amplification system (Chan et al., 2013) , which is composed of plasmid encoded Flp recombinase and its two target sites, FRTs. Under normal condition 2 m plasmid replicates from its single origin of replication through bi-directional movement of a pair of replication forks in a theta mode. However, a drop in plasmid copy number presumably reduces the level of Rep proteins inside cells that reduce Rep protein-mediated repression of the FLP gene (Volkert and Broach, 1986; Som et al., 1988) . The expression of Flp during DNA replication results in recombination between the two FRTs, reversing the direction of one of the forks with respect to the other allowing two forks to chase each other and continue replication in a rolling circle mode producing multimers. Individual monomers are then likely generated by multiple recombination events mediated by either Flp or the host homologous recombination machinery (Futcher, 1986 ).
It appears from several studies that high stability of the plasmid is primarily dependent on the successful coupling of plasmid segregation with the chromosome by utilization of several host factors involved in the segregation of the chromosomes. A tripartite complex consisting of the Rep1 and Rep2 proteins, as well as the STB locus, recruits all host factors to STB. Among these factors, the histone H3 variant Cse4, otherwise found only at the centromere, is required by the plasmid for segregation . Apart from marking the partitioning locus STB by a histone variant, the budding yeast chromatin remodeling complex RSC2 also appears to be required for plasmid segregation (ScottDrew et al., 2002; Wong et al., 2002; Yang et al., 2004; Ma et al., 2013) . It was observed that two subunits of the RSC2 complex, Rsc8, and Rsc58, precede the Rep proteins in association with STB during assembly of the partitioning complex at STB with other subunits (Rsc2, Sth1) arriving later . Finally, acquisition of cohesin at STB may be the rate limiting step in the plasmid partition pathway (Mehta et al., 2002; Ghosh et al., 2007 Ghosh et al., , 2009 ). These findings suggest that a particular chromatin environment at STB may be a prerequisite so that cohesin can be loaded (Clapier and Cairns, 2009; Nasmyth and Haering, 2009 ) to allow the replicated pair of plasmid clusters to remain cohesed and to segregate in a binary fashion between mother and daughter cells.
Interestingly, it has been observed that faithful partitioning of the plasmid requires intact microtubules, such that compactness of the plasmid clusters and its proximity to the spindle pole is perturbed in the absence of microtubules (Mehta et al., 2005) . As a corollary to this, several host factors associate with STB in a microtubule-dependent manner suggesting that targeting of the plasmids to a sub-nuclear locale by the microtubules may be a prerequisite for the plasmid to acquire those host factors. However, the association of the Rep proteins to the plasmid does not require intact microtubules. Nevertheless, to address how plasmids might interact with the microtubules, further study has revealed that this may be mediated through association of the plasmid with the nuclear motor, Kip1 (Cui et al., 2009) . Recent reports suggest that some fungal kinesin-5 proteins, including Kip1, are bidirectional where they move both to the plus and minus-ends of the microtubules (Gerson-Gurwitz et al., 2011; Roostalu et al., 2011; Fridman et al., 2013; Edamatsu, 2014) . It has been speculated that the minus-end directed movement of Kip1 may promote 2 m plasmids to move toward the SPB (Spindle Pole Body) during segregation (Fridman et al., 2013) . Since motors and non-motor microtubuleassociated proteins (MAPs) mainly regulate the functions of microtubules, in this study we wished to address the observed interaction between the plasmid and motors/microtubules and to determine if the efficiency of the plasmid partitioning is influenced by any MAP function.
Budding yeast has five MAPs that have nuclear as well as cytoplasmic functions, namely Bik1, Bim1, Ase1, Stu1 and Stu2 (Berlin et al., 1990; Pasqualone and Huffaker, 1994; Pellman et al., 1995; Schwartz et al., 1997; Wang and Huffaker, 1997; Wolyniak et al., 2006) . While Bik1, Bim1 and Ase1 are non-essential for cell viability, loss of either Stu1 or Stu2 causes cellular lethality. Bik1 and Bim1 are the members of CLIP-170 and EB1 families of microtubule plus-end tracking proteins (1TIPs) respectively. Both these proteins are required for spindle orientation and chromosome segregation (Berlin et al., 1990; Schwartz et al., 1997; Tirnauer et al., 1999; Miller et al., 2006; Wolyniak et al., 2006; Gardner et al., 2008; Zimniak et al., 2009 ) and Bik1 has been additionally localized at the kinetochore (Lin et al., 2001) . Ase1 is required for spindle elongation and stabilization of the spindle mid-zone during anaphase (Pellman et al., 1995; Schuyler et al., 2003) .
In this study, we show that Bik1 and Bim1, but not Ase1, promote faithful plasmid segregation by their association with STB locus. Interestingly, unlike most other host factors, they bind to STB independent of the Rep proteins. We found that association of Bik1 to the plasmid is facilitated through its cargo binding domain. We noticed a decreased level of cohesin loading between sister plasmids in the absence of these proteins which may account for plasmid missegregation. Our results suggest that Bik1 but not Bim1 functions upstream of the Kip1 motor in the plasmid partitioning pathway as a bik1D mutant fails to load Kip1 at STB. As the general function of the MAPs requires microtubules, both proteins were found to associate with plasmids only in the presence of the microtubules. Overall our study identifies a role of MAPs in faithful segregation of 2 m plasmid.
Results

Bik1 and Bim1 contribute to faithful segregation of 2 m derived plasmid
The chromosome-like high stability of the 2 m plasmid is believed to be achieved by poaching of the intricate mitotic machinery from the host (Velmurugan et al., 2000; Mehta et al., 2005; Hajra et al., 2006; Ghosh et al., 2007) . This machinery includes intact microtubules along with the motor protein Kip1, which play pivotal roles in the proper maintenance of the 2 m plasmid presumably by positioning the plasmid at a precise subnuclear locale required for equal partitioning. Given that motors and MAPs largely regulate microtubule dynamics and function, in this study, we examined the role of MAPs in the partitioning of the 2 m plasmid. At first, we determined the stability of a multi-copy 2 m derived reporter plasmid, YEplac181 (Gietz and Sugino, 1988) in cells devoid of any one of the budding yeast nonessential MAPs such as Bik1, Bim1, or Ase1. The plasmid loss rate per generation was calculated in the corresponding mutants along with the wild-type (as described in Experimental Procedures). We found that the loss rate increases approximately 2.5-3 times in bik1D or bim1D but not in ase1D cells with respect to the wildtype (Fig. 1A) . Further, we wished to confirm these results by visualizing the segregation of a fluorescently marked 2 m reporter plasmid, pSV1 as performed earlier (Velmurugan et al., 2000) in the mutants and the wildtype. Large-budded cells with equally distributed DAPI masses were analyzed and divided into three categories as per distribution of the plasmid foci between the mother and daughter bud (Fig. 1B) . In type I, the plasmids are equally separated whereas in types II and III, they are unequally distributed and hence missegregated. To quantify the phenotypes of equal segregation and missegregation, we measured the ratio of fluorescence intensities of plasmid foci in the mother to daughter bud after background subtraction (Supporting Information Fig. S1 ). The criteria for scoring equal (Type I) and missegregation (Type II and III) is given under ]: SGY2006), bik1D (SGY3033), bim1D (SGY3037) or ase1D (SGY3038) strains were transformed with 2 m derived plasmid (YEplac181: pSG3031). A. The loss rate of the plasmid was calculated after growing the cells in nonselective media for almost 10 generations. Full details are described in the experimental procedures. P value was calculated using t-test comparing loss rates between WT and bik1D or bim1D. B. GFP-LacI containing strains; WT ([Cir 1 ]: SGY3095, [Cir 0 ]: SGY3045), bik1D (SGY3107), bim1D (SGY3039) or ase1D (SGY3040) strains were transformed with lac operator-containing 2 m derived plasmid (pSV1: pSG3025). Scored segregation was divided into two categories, equal segregation, and missegregation. Bar, 5 mm. C. The distributions of the segregation types (equal and missegregation) as shown in 'B' among different strains are given. Data was obtained by counting at least 100 cells in three independent experiments. The error bars represent standard deviations from the mean. This image is a color image, readers should, if necessary, refer to the online version for clarification. experimental procedures. Unlike wild-type and ase1D cells, bik1D and bim1D cells showed a significantly higher percentage of missegregation (Fig. 1C) . [Cir 0 ] cells, however, as expected, showed a much higher percentage of missegregation as these cells are devoid of any Rep proteins mediated partitioning system. To investigate whether the observed missegregation of the plasmids is unique to the 2 m derived plasmid, the stability of a CEN or an ARS plasmid was also measured (Supporting Information Fig. S2 ). For this, loss rate of a CEN reporter plasmid, YCplac111 (Gietz and Sugino, 1988) was calculated. We observed that in the absence of Bik1 but not Bim1 the loss rate of YCplac111 was increased with respect to the wild-type (Supporting Information Fig. S2, A) . This result is consistent with a previous report of an increased chromosome loss in cells lacking Bik1 protein (Berlin et al., 1990) . As expected, an ARS plasmid, YRp17 devoid of any partitioning mechanism showed very low stability in all the strains (Supporting Information Fig. S2 , B). These results indicate that both Bik1 and Bim1, but not Ase1, promote faithful partitioning of the 2 m plasmid while Bik1 has an additional role in centromere/kinetochore function.
To study the role of essential MAPs (Stu1 and Stu2) in plasmid segregation, we used an auxin-based degron system (Nishimura et al., 2009) . Depletion of the essential MAPs Stu1 or Stu2 using auxin revealed an increased missegregation of the STB-and CEN-reporter plasmids (Supporting Information Fig. S3 ) but this study was not pursued further due to technical difficulties (details are in the Supporting Information).
Bik1 and Bim1 associate with STB independent of the partitioning proteins Rep1 or Rep2
The above mentioned host factors (Rsc2, Rsc8, Rsc58, Kip1, Cse4 and cohesin complex) involved in plasmid segregation do associate with STB and in the majority of the cases, the association is dependent on the partitioning proteins Rep1 and Rep2 (Mehta et al., 2002 (Mehta et al., , 2005 Cui et al., 2009 . Therefore, we wished to test whether Bik1 and Bim1, as a part of the partitioning complex, also associate with STB and whether this association requires the presence of the Rep proteins. The chromatin immunoprecipitation (ChIP) assay was performed as described in the experimental procedures to probe the recruitment of Bik1 and Bim1 at STB. ] strains (BIK1-9MYC: SGY3097, BIM1-9MYC: SGY3101) using antibodies against Myc-tagged Bik1 or Bim1 and precipitated DNA was used as a template for PCR amplification of different regions like STB, CEN3 and REP2. Here native 2 m plasmid was used as a reporter. REP2 locus served as negative control for binding. C. Monohybrid assay was performed to investigate the binding of AD fused Bik1 (pSG3010) to STB. STB was cloned upstream to HIS3 reporter (pSG3002) and integrated at a chromosomal locus (SGY3047 strain); here AD fused Rep1 (pSG2033) and vector (pSG3025) were used as a positive and negative control respectively. Cells were spotted after 10 times dilution of initial inoculums from left to right. D. ChIP was performed in [Cir 0 ] strains (BIK1-9MYC: SGY3100, BIM1-9MYC: SGY3102) and a 2 m derived plasmid (YEplac181: pSG3031) served as a reporter. TAF10 was used as no binding control from the chromosome. The label WCE (whole cell extract) represents input DNA controls; 1Ab indicates experimental samples where antibodies were added and 2Ab refers to negative controls where only beads were added. The gradient depicts different dilutions of IP and WCE samples as mentioned in the experimental procedures. yeast strains. We found that both Bik1 and Bim1 could specifically pull down more STB with respect to the other locus of the plasmid ( Fig. 2A and B) suggesting an association of these proteins with STB. Additionally, we also noticed that both these proteins bind to the centromere arguing for the functions of these proteins at the centromere that has been reported earlier for Bik1 (Lin et al., 2001 ) and has been speculated for Bim1 (Cheeseman et al., 2002; Westermann et al., 2007) . To negate the possibility that the observed association between MAPs and STB is due to a proximity of both to the plus-ends of the microtubules, association of Bik1 with STB was further investigated using the monohybrid assay (described in Experimental Procedures), where we found Bik1 indeed associates with a 600 bp STB region (Fig. 2C) .
To assess if the above association of Bik1 and Bim1 with STB requires the presence of the Rep proteins, we performed Bik1 and Bim1 ChIP assays in a [Cir 0 ] strain (devoid of any 2 m circle or Rep proteins) harboring a 2 m-derived plasmid as the sole source of STB locus. Interestingly, both Bik1 and Bim1 were found to bind to STB in the absence of the Rep proteins ( Fig. 2D ).
Above results suggest that Bik1 and Bim1, like other previously identified host factors, bind to STB and promotes faithful partitioning of the plasmid. However, unlike most other host factors, their binding to the plasmid is independent of the Rep proteins suggesting that this association may occur at an early stage during the assembly of the 'pre-partitioning complex' at STB Ma et al., 2013) . If Bik1/Bim1 associate with STB at an early stage, it is possible that this association is required for downstream association of Rep proteins with the STB. To test this, we have monitored association of Rep1/Rep2 fused to 3HA epitope with STB in presence or absence of Bik1. However, we found no difference in the efficiencies of pull down of STB region by Rep1 or Rep2 in the mutant with respect to the wild-type strain (Supporting Information Fig. S4 ). This is consistent with earlier studies where localization of the Rep proteins to STB was found to be independent of the presence of other host factors (Mehta et al., 2005; Hajra et al., 2006; Cui et al., 2009 ) except Rsc2, whereby the absence of Rsc2 reduces the association of Rep1 but not Rep2 to STB (Yang et al., 2004) . In accord with this we failed to detect any physical interaction between Bik1 and Rep proteins using two hybrid assays (data not shown). A certain chromatin structure at STB mediated by the RSC2 chromatin remodeler is believed to be required for equal partitioning of the plasmid . Importantly, the function of RSC2 appears to act early during formation of the partitioning complex as the binding of some RSC2 complex subunits (Rsc8 and Rsc58) to STB precedes the Rep proteins . Therefore, we sought to investigate whether the functional RSC2 complex is required for the binding of Bik1 or Bim1 at STB. We performed a ChIP assay to address this, whereby the RSC2 gene was deleted in Bik1 or Bim1-Myc strains. We found that the binding of Bik1 but not Bim1 was perturbed in rsc2D strain (Supporting Information Fig. S5 ).
Association of Bik1 or Bim1 to STB is dependent on the intact microtubules
It has been proposed from earlier studies that nuclear microtubules play a major role with the help of the motor protein Kip1 (Cui et al., 2009) in targeting the 2 m plasmid to a sub-nuclear locale where it can acquire other host factors such as CENP-A Cse4 and cohesin required for its proper maintenance (Mehta et al., 2005; Hajra et al., 2006) . Those studies showed that the binding of the host factors to STB is sensitive to depolymerization of microtubules. Since Bik1 and Bim1 are categorized as MAPs, and we report here that these proteins bind to STB, we wished to test if their associations are dependent on the microtubules. We performed a ChIP assay to detect the localization of Bik1 and Bim1 to STB in the presence or absence of the microtubule depolymerizing drugs benomyl and nocodazole. We found a reduction in the level of association of these proteins with STB in cultures where the drugs were added compared with the drug free cultures ( Fig. 3A and B) suggesting that their associations are microtubule-dependent. For Bik1, association with STB could be restored when the spindle was allowed to recover (Supporting Information Fig. S6 ), providing further support for this association being microtubule-dependent. However, a microtubule-independent binding of Bik1 with the centromere was observed (Fig. 3A) , which is consistent with an earlier report (Lin et al., 2001) . Interestingly, we found a reduced level of binding of Bim1 to the centromere in the absence of microtubules (Fig. 3B ). In all these experiments microtubule depolymerization was confirmed using immunofluorescence with tubulin staining (data not shown). These results suggest that Bik1 might have a receptor at the kinetochore and thus can be recruited to the centromere without microtubules whereas Bim1 might be targeted to the centromere through its association with the plus-end of the microtubules.
Missegregation of the plasmids in bik1D or bim1D cells is perhaps due to a failure in keeping replicated plasmids cohesed
Acquisition of cohesin at STB and cohesion of the replicated plasmids have been shown as important determinants of faithful plasmid segregation (Mehta et al., 2002; Ghosh et al., 2007 Ghosh et al., , 2009 ). Furthermore, several host factors that have been identified as essential for plasmid segregation have been shown to facilitate cohesin loading at STB Cui et al., 2009; Ma et al., 2013) and acquisition of cohesin by the plasmid appears to be the final rate limiting step for plasmid segregation . Therefore, we wished to test whether the plasmid instability in the MAP mutants is due to an inability to load cohesin at STB.
To determine the loading of cohesin at STB, the endogenous kleisin subunit Mcd1 was fused to a Myc epitope and ChIP was performed in cells with or without the presence of Bik1, Bim1 or Ase1. We found a substantial reduction in the level of Mcd1 at STB in bik1D or bim1D but not in ase1D cells as compared with the wildtype (Fig. 4A , B, and Supporting Information Fig. S7 respectively). This was in contrast to the centromere wherein absence of either Bik1 or Bim1, cohesin loading was not affected. The reduction in loading at STB locus, however, was not due to a difference in expression of Mcd1 protein in the mutants (Fig. 4C) . Earlier it has been reported that Bim1 is involved in the sister chromatid cohesion using a synthetic interaction with ctf8 mutant (Mayer et al., 2004) , whereas we failed to identify its role in cohesin loading at the centromere ( Fig. 4A and B). To reconcile this it can be stated that the generation of cohesion between two DNA duplexes is a twostep process where cohesin first associates with DNA and then topologically entraps two DNA duplexes through a poorly understood method called 'establishment of cohesion' (Toth et al., 1999) . Since the absence of Bik1 or Bim1 negates STB cohesin association, it is expected that the same condition would also perturb cohesion between sister plasmids. To assay plasmid cohesion in the absence of Bik1 or Bim1, we used a single copy version of the fluorescently marked 2 m-derived plasmid (pSG1) as described previously (Ghosh et al., 2007) . We scored single versus two separated GFP dots as cohesion and no cohesion phenotypes respectively. We did not perform the cohesion assay in the absence of intact microtubules to remove the pulling force as under this condition cohesin recruitment at STB ] strain where endogenous 2 m plasmid served as a reporter for STB. Dilutions of the samples were maintained in the same way as described in the experimental procedures. ChIP signals from the DMSO samples (both for STB and CEN3) are represented as 1 against the drug treated samples.
Role of MAPs in 2 micron partitioning 1051 becomes perturbed (Mehta et al., 2005) . Moreover, we believe that STB-microtubule association and hence pulling force is not as high as observed for centromeremicrotubule attachment since no plasmid DNA breakage was observed in cells harboring a 2 m-derived plasmid with two STB loci cloned into it (S. Velumurugan, unpublished observation). Nevertheless, as expected, we found that the establishment of sister plasmid cohesion was also compromised along with the cohesin loading at STB in cells devoid of either Bik1 or Bim1 (Fig. 4D) . Therefore, loss of cohesion between the replicated sister plasmids may lead to their missegregation in the absence of Bik1 or Bim1.
Bik1 is recruited to the plasmid upstream of Kip1 motor
It has been shown earlier that the motor Kip1 binds to STB and is required for faithful plasmid segregation (Cui A and B. Almost 50% reduction in the level of recruitment of Mcd1 to the plasmid locus (STB) in either bik1D (SGY3086) or bim1D (SGY3113) strains with respect to the wild-type (SGY3031) was observed. The relative ChIP signals were normalized with WT and represented to 1. C. Western blotting was performed using anti-Myc antibodies which show the unaltered level of expression of Mcd1 in both the mutants as compared with the wild-type. D. Sister plasmids cohesion assay was performed using single copy 2 m reporter plasmid as described in the experimental procedures in which two separated GFP dots during metaphase were scored as cohesion defect. Here cells showing more than two dots have been omitted. At least 100 cells were counted for the experiment. Bar, 5 mm. This image is a color image, readers should, if necessary, refer to the online version for clarification.
et al., 2009). In this report, we show similar results for the MAPs Bik1 or Bim1. It is intriguing to address which class of protein, motor or MAP, associates with STB first during assembly of a kinetochore-like 'partitioning complex' at STB and whether they depend on each other for their association. Evidence of MAP-motor interaction has been reported earlier (Carvalho et al., 2004) where the targeting of Bik1 to the microtubule plus-end is achieved through a kinesindependent mechanism promoted by Kip2 motor outside the nucleus. Further, results from this study that Bik1 and Bim1 can occupy STB without any Rep proteins, and from the previous studies that association of Kip1 with STB requires Rep proteins (Cui et al., 2009) , imply that Bik1/Bim1 assembles earlier than Kip1 at STB. If this is true, Kip1 targeting to STB may be abrogated in the absence of Bik1 or Bim1. To decipher this, ChIP was used to pull down Kip1-13Myc in presence or absence of Bik1/Bim1. We found that in the absence of Bik1 but not Bim1, the association of Kip1 is drastically reduced at STB but remains unaffected at CEN3 region ( Fig. 5A and B). Kip1 protein levels did not differ between the wild-type and the bik1D and bim1D mutant strains (Fig.  5C ) which negates the possibility that the reduction in Kip1 association with STB was due to a difference in Kip1 expression. These results indicate that Bik1 but not Bim1 associate with the partitioning complex upstream of Kip1. To investigate whether the MAPs and motor depend on each other for association or maintenance at STB or at the centromere, we analyzed the levels of Bik1-9Myc or Bim1-9Myc at these loci in presence or absence of Kip1 but failed to observe any difference in their levels (Supporting Information Fig. S8 ).
From the above results, it appears that the presence of Bik1 at STB licenses subsequent Kip1 binding. If true, it is expected that Bik1 might physically interact with Kip1. We tested this possibility using the yeast twohybrid system and co-IP. However, we failed to detect any positive interactions between Bik1 and Kip1 using these assays (data not shown). However, we have observed a significant level of co-localization between Kip1 and Bik1 using fluorescence microscopy. In the A and B. ChIP assays were performed in KIP1-13MYC WT (SGY3079), bik1D (SGY3116) and bim1D (SGY3117) cells using antibodies against Myc-tagged Kip1. ChIP signals from the wild-type (both for STB and CEN3) are represented as 1 against the mutant. C. Western blotting shows the same level of expression of Kip1-Myc in both bik1D and bim1D strains with respect to the wild-type.
Role of MAPs in 2 micron partitioning 1053 BIK1-3GFP strain (Lin et al., 2001) ; Kip1 was fused with m-cherry at its C-terminus. We observed such cells at metaphase and calculated the Pearson's correlation coefficient (R r ) between the fluorophores using 'Imaris coloc' software (methodology mentioned in 'Supporting Information'). A significant co-localization (R r > 0.5) was observed between these proteins (Supporting Information Fig. S9 ). Therefore, it is possible that Bik1 and Kip1 may interact with each other, but that interaction may be too transient to be captured by our assays.
Cargo binding domain of Bik1p is essential for 2 m plasmid stability Similar to CLIP-170 family of proteins, Bik1 has 3 major domains; an N-terminal domain which comprises of the CAP-GLY motif, a serine-rich middle domain with a coiled-coil region and C-terminal cargo-binding domain with a zinc knuckle motif (Brunner and Nurse, 2000) . The CAP-GLY motif is necessary for binding to microtubules whereas the C-terminal cargo-binding domain is essential for Bik1 to bind to the centromere (Lin et al., 2001) . The zinc knuckle motif, found in the C-terminal domain, is predicted to bind to a nucleic acid as shown in different proteins harboring this motif (Katz and Jentoft, 1989; Arning et al., 1996) . Therefore, we argued that the C-terminal domain of Bik1 may be involved in binding to the plasmid (STB) as cargo and might help in bringing the plasmids to the microtubules. To investigate this, we generated a deletion version of Bik1 fused to Myc epitope, called Bik1-CTD40-9Myc, where 40 amino acids from the C-terminus of Bik1 were removed (Fig. 6A) . The plasmid stability assay for a 2 m-derived plasmid where Bik1-CTD40-9Myc is the sole source of Bik1 showed that the removal of the cargo-binding domain was sufficient to bring down the plasmid stability equal to the condition when full-length Bik1 was absent (Fig. 6B) . However, the stability of a centromeric plasmid in cells with Bik1-CTD40-9Myc was found to be almost equal to the wild-type (Fig. 6C) suggesting that somehow the cargo-binding domain of Bik1 has a more proficient role in 2 m plasmid maintenance than that of the centromeric plasmid. The stability data is consistent with results obtained from ChIP analysis that showed that the binding of Bik1 to STB is dependent on the cargobinding domain (Fig. 6D) . To support this further, we performed a monohybrid assay using AD fused to Bik1-CTD40 along with AD-Bik1 and showed that His3 expression was compromised (almost to the level of vector control) in the absence of C-terminal domain of Bik1 (Supporting Information Fig. S10A ). To further investigate the importance of the cargo-binding domain, we have examined Kip1 binding at STB in cells harboring Bik1-CTD40. We found a reduced pull down of STB (Supporting Information Fig. S10B ) supporting the point that the inability of the bik1 mutant to bind to STB leads to a decreased association of Kip1 at that locus.
Missegregation of the plasmids was enhanced in the condition where Bik1 was depleted in the absence of Bim1
Although Bik1 and Bim1 share redundancy in their functions during anaphase at the kinetochore-microtubule interface (Wolyniak et al., 2006) , they are categorized into two different families of MAPs, namely CLIP-170 and EB1 respectively. Therefore, it is possible that these two proteins may promote 2 m plasmid segregation either redundantly or by non-overlapping pathways. To distinguish this, we sought to investigate the plasmid segregation in cells where both Bik1 and Bim1 are absent in comparison to the cells where Bim1 alone is lacking. As deletion of both the genes together is lethal, the auxininducible degron (AID) strategy was followed to deplete the Bik1 protein in the cells deleted for BIM1 (as described for Stu1 and Stu2). Bik1 was fused with 6HA-AID tag and Os-TIR1 was ectopically expressed. The functioning of the degron tagged allele was confirmed by spotting dilutions of cells on plates in presence or absence of auxin and by Western blotting (Fig. 7A) . When both the proteins were depleted/deleted, we found that in the majority of the cells DAPI masses were either at the bud neck or stretched through the neck suggesting an arrest at the metaphase stage (similar to Supporting Information Fig. S3, B) . However, we could also observe a fraction of cells where DAPI masses were equally divided. We only analyzed these cells to score plasmid segregation (scheme of the experiment is shown in Fig. 7B ) using a fluorescence based 2 m reporter plasmid, pSV1. Importantly, to rightly compare a cycling strain (Bim1 alone is absent) with mostly an arrested strain (both Bim1 and Bik1 are absent), we analyzed equal numbers of cells (100) showing equally divided DAPI masses for both the strains. We observed a synthetic enhancement of the missegregation defect (50% to 70%) in cells where both the proteins were absent (1 auxin condition) compared with the cells deleted only for BIM1 (2 auxin condition) (Fig. 7C) . We have also analyzed the segregation of a centromeric fluorescence based reporter plasmid, pSV2 in the presence and absence of auxin and found that pSV2 does not missegregate to the extent of pSV1 in the double mutant (Supporting Information Fig. S11 ). These results suggest that Bik1 and Bim1 may have a certain non-overlapping function at STB or in the plasmid segregation. This is, however, not unexpected given our data that localization of Kip1 at STB depends on Bik1 but not on Bim1 (Fig.  5A and B) . Although this indirectly suggests that Bik1 might arrive at STB before Bim1, we wished to directly test whether these two proteins depend upon each other for their localization or maintenance at STB. Bik1-or Bim1-9Myc was pulled down in the absence of each other to perform ChIP assays. We found a precipitous fall in the level of Bik1-9Myc or Bim1-9Myc at STB in the absence of Bim1 or Bik1 respectively ( Fig. 8A and B ; 'STB panel'). Interestingly, at the centromere, we failed to detect any drop in Bik1 level when Bim1 was absent; however, the converse was not true (Fig. 8A and B 'CEN3 panel'). These results indicate that both Bik1 and Bim1 are interdependent for their association or maintenance at STB but at the centromere, Bik1 appears to be loaded or maintained independently of Bim1.
It has been demonstrated that Bik1 becomes essential for cells when the ploidy level increases from haploid to triploid or tetraploid (Lin et al., 2001) . It is believed that in polyploids when there is an excess of kinetochoremicrotubule interfaces, Bik1 facilitates kinetochoremicrotubule attachment and maintains kinetochore separation before anaphase by opposing the elastic recoiling of attached sister chromatids and hence becomes indispensable. Given the role of Bik1 in the partitioning of the 2 m A. The domain organization of Bik1 is shown schematically (not to scale). Western blotting using anti-Myc antibodies shows full-length (BIK1-9MYC: SGY3097) and truncated forms of Bik1 (BIK1CTD-40-9MYC: SGY3145). B and C. The loss rates of the STB and CEN derived plasmids are shown for the indicated strains (bik1CTD40: SGY3145, bik1D: SGY3033). The rates were measured as described in the experimental procedures after three times repetition of the experiments. Error bars show SD from mean. D. ChIP assay was performed using anti-Myc antibodies in the wild-type and C-terminally truncated strain of Bik1. ChIP signals from the wildtype (both for STB and CEN3) are represented as 1 against the mutant.
plasmids, we propose that the function of Bik1 is required as the plasmids exist in multiple copies mimicking a polyploid condition. If this is true, the effect of bik1D on plasmid segregation is expected to be attenuated as the plasmid copy number drops. To test this hypothesis, we analyzed the segregation of a single copy 2 m-derived plasmid, pSG1 (Ghosh et al., 2007; Cui et al., 2009) . Anaphase cells were observed where DAPI was equally segregated between mother and daughter buds and cells were scored for both equal and missegregation of pSG1. However, we found that pSG1 equally missegregates in cells devoid of either Bik1 or Bim1 or as previously reported Kip1 (Supporting Information Fig. S12 ; Cui et al., 2009) .
Discussion
The near chromosome-like stability of 2 m plasmids during cell division is achieved using both plasmid-borne and host factors (Yen Ting et al., 2014) . It is believed that to acquire these host factors; the plasmid should A. Ten times dilutions of cells (from left to right) of the strains (bim1D BIK1-6HA-AID: SGY3122, BIK1: SGY3153) were spotted on YPD Plate with or without 1 mM auxin. Both the plates were incubated at 30˚C for 60 h before they were photographed. Western blotting shows depletion of Bik1 protein in the presence of auxin. Tubulin was taken as a loading control. B. Schematic of the procedure which is followed for segregation analysis of the pSV1 plasmid (pSG3025). C. Different types of plasmid segregation are divided into two categories as equal segregation and missegregation. At least 100 cells were scored for analyzing the segregation types both in presence or absence of auxin. Error bars were generated after three times repetition of the experiments. Bar, 5 mm. This image is a color image, readers should, if necessary, refer to the online version for clarification.
reach a particular site within the nucleus, presumably close to the centromere or SPB (Velmurugan et al., 2000) at least in mitosis. Given results from earlier studies that the Kip1 motor and microtubules are required for the plasmid segregation (Mehta et al., 2005; Cui et al., 2009) , it is hypothesized that the plasmid utilizes this motor to move along microtubules to reach the requisite sub-nuclear locale. However, how plasmids might acquire the motor is not known. In this study, we show that MAPs are important host factors required for faithful plasmid partitioning and from our data we propose that they can act as an adapter to couple plasmids with that of the Kip1 motor.
Bik1 and Bim1 promote partitioning of the 2 m plasmid
The Bik1 and Bim1 proteins are members of CLIP-170 and EB1 families, respectively, which are highly conserved MAPs. Both proteins are microtubule plus-end binding proteins (1TIPs) and function at the kinetochore-microtubule interface (Westermann et al., 2007) . They interact with each other and with microtubules and provide support for proper chromosome and nuclear segregation. Importantly, in addition to microtubules, these MAPs are also known to interact with motors. For example, Bik1 physically interacts with Kip2 motor (Carvalho et al., 2004) and results from high-throughput studies indicate genetic interactions of Bik1 or Bim1 with the Cin8, Kip2 and Kip3 motors (Tong et al., 2004; Dixon et al., 2009) . These interactions appear to be conserved as EB1, the mammalian homolog of Bim1, shows interactions with the kinesins (Akhmanova and Steinmetz, 2008) . Successful partitioning of the 2 m plasmid relies on the utilization of the nuclear motor, Kip1, and microtubules (Mehta et al., 2005; Cui et al., 2009) . Recent reports suggest that kinesin-5 motors in yeast show bidirectional movement toward both plus and minusends of the microtubules (Gerson-Gurwitz et al., 2011; Roostalu et al., 2011; Fridman et al., 2013; Edamatsu, 2014) . Fridman et al., have demonstrated that Kip1 moves toward the minus-ends or SPB from the spindle midzone during interpolar microtubule depolymerization/ spindle breakdown. They have also shown that the rate of this movement reduces in the absence of Bik1. They have speculated that this minus-end directed activity of Kip1 may be relevant to the movement of 2 m plasmids toward SPBs during anaphase. In this report, we show that in the absence of Bik1, the loading of Kip1 to the A. ChIP was performed using anti-Myc antibodies to specifically pull down Bik1-Myc from the wild-type (SGY3097) or bim1D (SGY3137) cells. B. A similar experiment was performed using the wild-type (SGY3101) or bik1D (SGY3136) strains expressing Bim1-9Myc. Error bars shows standard deviation from mean after two times repetition of the experiment. ChIP signals from the wild-type (both for STB and CEN3) are represented as 1 against the mutant.
plasmid was reduced (Fig. 5 ) which may be due to an overall poor localization of Kip1 to the spindle midzone. Accommodating the results described in earlier studies, the working model for partitioning has been that plasmids ride on the Kip1 motor and move along the microtubules to reach a sub-nuclear locale, perhaps close to the centromere or SPB (as the centromeres remain clustered near SPBs), which is amenable for deposition of further host factors such CENP-A Cse4 , Rsc2 and cohesin (Velmurugan et al., 2000; Mehta et al., 2002; Hajra et al., 2006; Ghosh et al., 2007; Ma et al., 2013) . The previous study showed that Kip1 localization to STB does not depend on intact microtubules (Cui et al., 2009) . However, we noticed a substantial decrease in Kip1 binding at STB when both nocodazole and benomyl were used for microtubule depolymerization (Supporting Information Fig. S13 ). This disparity may be due to using of the single drug and incomplete removal of the microtubules in the earlier study (Cui et al., 2009) . Our observation of failed Kip1 binding to STB in the absence of intact microtubules is consistent with the facts that Bik1 aids in Kip1 loading at STB and Bik1/ Bim1 themselves require intact microtubules for association with STB. Overall, in this report, we add functions of MAPs to the model by providing evidence that Bik1 and Bim1 are crucial for plasmid partitioning perhaps through their interactions with the Kip1 motor and microtubules. As per our current model (Fig. 9) at the beginning of a cell cycle, perhaps during G1-S transition, the plasmid partitioning complex at STB is refreshed by disassembly of the old and assembly of the new complex and for a short window STB is believed to be bereft of any known proteins including the Rep proteins . As both Bik1 and Bim1 show association with STB in the absence of Rep proteins (Fig. 2D) , it is possible that these proteins bind very early to the STB during assembly of the new partitioning complex and help in localizing the plasmids to the plus-ends of the microtubules through their ability to bind these ends. Concomitant to Rsc2 Rsc2 Rsc2 (Cui et al., 2009) (Mehta et al., 2002; 2005; Wong et al., 2002; Hajra et al., 2006; Ghosh et al., 2007; Ma et al., 2013) bik1Δ bik1Δ/bim1Δ R2 R1 Rsc8 Rsc58 R2 R1 Rsc2 -SPB Fig. 9 . A working model to depict the roles of Bik1 and Bim1 in plasmid segregation. Soon after replication, the plasmid clusters are captured by microtubules with the help of Bik1 and Bim1 which in turn promotes binding of Kip1 motor perhaps with the concomitant binding of the Rep1-Rep2 complex at STB locus. Formation of this motor containing 'pre-partitioning complex' may facilitate plasmid movement to a sub-nuclear locale perhaps close to the centromere/SPB with the help of the microtubules. This localization may subsequently favor acquiisition of other host factors including cohesin to form a partitioning complex at STB. Finally, cleavage of cohesin causes plasmid clusters to split equally coupled with the chromosomes. During anaphase, plasmid along with the partitioning complex may move toward the minus-end (toward SPB) with the help of minus-end directed activity of the Kip1 motor (see text), and thus segregate faithfully between the mother and the daughter cells. Within this model, the role of Bik1 and Bim1 in formation of the pre-partitioning complex is contributed from this study. The rest is taken from earlier studies as described in the text and figure. This image is a color image, readers should, if necessary, refer to the online version for clarification.
this, Rep proteins might associate with STB and such plus-end proximal localization may facilitate binding of the Kip1 motor to STB. These early events may form a 'pre-partitioning complex' and set the partition clock which is further reinforced by subsequent loading of the other host factors at STB to form a mature 'partitioning complex' that follows a cohesin mediated binary counting mechanism of the replicated plasmids and their equal segregation ( Fig. 9 ; Hajra et al., 2006; Mehta et al., 2002; Ghosh et al., 2009; Wong et al., 2002) . During anaphase, the plasmids along with the partitioning complex may move in the minus-end direction near SPB with the help of minus-end directed activity of Kip1 (Fridman et al., 2013) and segregate equally between the mother and the daughter cells.
One obvious concern could be since Bik1 and Bim1 are 1TIPs and as the 2 m circles reside close to the centromere or microtubule plus-ends, the association of these two proteins to STB is indirect. But we believe this is unlikely because firstly, we show an association of these proteins with STB even when it is present on a chromosomal arm away from the microtubule plus-ends (monohybrid assay, Fig. 2C ). Secondly, there is evidence that Bik1 can associate with the centromere even in the absence of any intact microtubules or plus-ends (Lin et al., 2001) . Additionally, the loss of host protein from STB in the absence of microtubules is not unique to plus-end binding Bik1 or Bim1 (Fig. 3A and B) but also has been reported for other proteins as well , Mehta et al., 2005 .
The requirement of Bik1 or Bim1 over Ase1 for 2 m plasmid segregation may stem from the distinct subcellular localization of these proteins. As the plasmids are shown to stay close to the centromere or SPB (Velmurugan et al., 2000) , it is possible that such localization is achieved through association of the plasmids with the plus-ends of the microtubules, a step that requires Bik1 or Bim1 or both as they bind to these ends. However, on the other side, Ase1 resides at the spindle midzone (Schuyler et al., 2003) away from the SPB or the centromeres conferring stability to the spindle following the destruction of cohesin in anaphase. Considering this, the result that Ase1 is not required for 2 m plasmid segregation (Fig. 1A) is somewhat not so surprising.
The requirement of the essential MAPs, Stu1 and Stu2, for plasmid segregation was never tested before. From our data, we propose that these MAPs, through their microtubule stabilizing functions (Chen et al., 1998; Kosco et al., 2001; Severin et al., 2001; Yin et al., 2002; Usui et al., 2003; Ortiz et al., 2009; Podolski et al., 2014) may grossly promote segregation of any extrachromosomal elements that requires spindle microtubules, which may be the reason for observing instability for both the centromeric and 2 m based plasmids in the absence of either of these proteins (Supporting Information Fig. S3 ).
Cargo binding domain of Bik1 is required for the plasmid segregation
Both Bik1 and Bim1 have a microtubule binding domain at the N-terminus and a cargo-binding domain with a unique Zn knuckle motif at the C-terminus which is believed to help in nucleic acid binding. The coiled-coil middle domain is involved in oligomerization and protein-protein interactions. We showed here that the Cterminal domain of Bik1 is required for faithful plasmid segregation (Fig. 6B ) and the association of Bik1 to STB locus (Fig. 6D) . From these data and the result that Kip1 motor cannot occupy STB in the absence of Bik1 (Fig. 5A ), our working model is that Bik1/Bim1 may first bind to the plasmids and to microtubules through their C-and N-terminal domains, respectively, and thus might couple the plasmids with microtubules. Subsequently, they recruit Kip1 at STB perhaps either directly through a physical interaction with the middle domain or through some other indirect pathway. However, we consider direct recruitment of Kip1 unlikely as we failed to observe any physical interaction between Bik1 and Kip1 although a significant level of co-localization between them was observed (Supporting Information Fig. S9 ). Therefore, an interaction between Bik1 and Kip1 is likely to be present which is further supported by a recent evidence where minus end directed Kip1 movement was found to be compromised in the absence of Bik1 (Fridman et al., 2013) . Interestingly, we found that deletion of the C-terminal domain does not affect the loading of Bik1 to the centromere which is contrary to an earlier report (Lin et al., 2001) . Consistent with our data, we also found that the stabilities of a centromeric plasmid were almost similar in cells harboring full length or Cterminally truncated Bik1 (Fig. 6C) . To explain how Bik1 (or Bim1) devoid of any cargo binding domain can associate with the centromeric DNA (Fig. 6D) , it may be argued that the association occurs through Stu2 as this protein can be localized at the centromere (He et al., 2001) and can physically interact with both Bik1 and Bim1 (Wolyniak et al., 2006) .
Absence of both Bik1 and Bim1 shows synergistic defect in maintenance of the 2 m plasmid Although both Bik1 and Bim1 are categorized as 1TIPs, circumstantial evidence suggests that these proteins can have non-overlapping functions because the severity of karyogamy failure was more profound in the case of Bim1 than Bik1, which suggests a critical role of Bim1
Role of MAPs in 2 micron partitioning 1059 at extranuclear microtubules (Schwartz et al., 1997) . Importantly, while localization of Bik1 at the centromere is independent of the presence of Bim1 or the microtubules, Bim1 localization at the centromere requires both Bik1 and the microtubules (Figs. 3 and 8 'CEN3 panel') . This suggests that Bik1 might have an additional function(s) over Bim1 at the centromere. Further, we observed that Bik1 binding to STB was reduced in the absence of functional RSC2 complex (rsc2D) whereas Bim1 binding remained unaffected (Supporting Information Fig. S5) , suggesting different modes of interaction between the partitioning locus (STB) and the two proteins can be possible. Consistent with these nonredundant activities of Bik1 and Bim1, we observed a synergistic enhancement in the rate of missegregation of the 2 m based reporter plasmids in cells where both the proteins were deleted/depleted as compared with the condition when either of them was present (Fig. 7C ). This suggests that these proteins may be involved in parallel pathways promoting plasmid segregation. However, we noticed that both the proteins depend on each other and on the integrity of the microtubules for their occupancy at the STB locus (Figs. 3 and 8 'STB panel') . Further, the observation that Kip1 binding to STB is affected by the loss of Bik1 but not by loss of Bim1 (Fig.  5) does not appear to be consistent with an interdependent localization of Bik1-Bim1 at STB. To explain this conundrum, it may be argued that all the functions of Bik1 or Bim1 are not executed explicitly through their localization at STB. Alternatively, but not mutually exclusive, in the absence of one protein, the other one can still be associated with the STB, albeit at a reduced level, and hence still can perform some essential function which is not possible when both the proteins are deleted/depleted. Finally, in the context of the complex organization of a multi-protein structure at STB, the interaction among Bik1, Bim1 and Kip1 depends on the spatial arrangement of these proteins within the structure and hence their localization at STB may not be linearly affected in the absence of each other. To be noted that although Bim1 is not involved in Kip1 recruitment at STB, Bim1 contributes to faithful plasmid segregation. This may be due to a role of Bim1 in loading of cohesin to the plasmid in a way that may be different from Bik1. It is possible that Bim1 directly promotes loading of cohesin at STB whereas Bik1 does this through Kip1 as absence of Kip1 affects loading of cohesin at STB (Cui et al., 2009) .
In this study, we provide evidence that microtubuleassociated proteins are also important host factors required for faithful partitioning of the 2 m plasmid. From our data, it appears that Bik1 and Bim1 assemble in the partitioning complex very early and might act as an adapter to link the plasmids with the plus-ends of microtubules and the Kip1 motor. This way these MAPs perhaps help the plasmids to move to a specific site within the nucleus where they can acquire cohesin as a rate limiting step in the partitioning pathway. Although we found that Bik1 and Bim1 bind to STB, it remains unclear whether this binding is direct or indirect. Visualization of MAP-dependent plasmid capture by microtubules using fluorescence-based assays will further elucidate the early events of partitioning. Given that Bik1 and Bim1 are conserved across eukaryotes, it would be interesting to test whether the respective human homologs CLIP170 or EB1 might have similar roles in the partitioning of plasmid-like viral episomes in human cells.
Experimental procedures
Strains and plasmids
All the yeast strains (derived from wild-type W303 background strain) and plasmids used in this study are listed in Supporting Information Tables S1 and S2 with (Gueldener et al., 2002) and epitope tagging at C-terminus of different proteins (Janke et al., 2004) were obtained from Euroscarf. In the case of essential genes auxin-inducible degron system was used as previously described (Nishimura et al., 2009 ).
ChIP assays
ChIP was followed according to the previously described method (Agarwal et al., 2015; Mehta et al., 2014) with some modifications. Typically, the cells were grown exponentially till OD 600 1 in 50 ml media and were fixed using 1% formaldehyde for 20-30 min at RT. Cross-linking was quenched using 125 mM glycine for 5 min. Cells were harvested and were washed twice with cold TBS and cell lysis was performed in 400 ll of lysis buffer [50 mM HEPES-KOH, pH 7.5, 140 mM KCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, and protease inhibitor cocktail (Roche, Germany)] using glass beads by mini bead beater (Biospec, USA). Chromatin was sheared to an average 200-600 base pairs fragments by 14 rounds of sonication for 21 s each using sonication (Sonics, Vibracell, USA) at 40% amplitude. Cell debris was removed by centrifuging (20 000g for 15 min) the lysate at 48C. Out of 400 ll of clarified lysate, 50 ll was stored at 2208C as an input (Untreated Whole Cell Extract, WCE) control. 150 ll lysate was brought to 450 ll using lysis buffer and was rotated for overnight at 48C, with 5 lg of either anti-Myc (Rabbit polyclonal 9106, Abcam, UK) or anti-HA (Rabbit polyclonal HA11, Abcam, UK) antibodies. Another tube was treated in the same way without any antibody (2Ab control).
Following 4 h of incubation of both the samples, 25 ll of Protein A magnetic beads (SureBeads TM Protein A Magnetic Beads, BioRad) was added and rotated at 48C for 1 h. Washing of beads and elution of chromatin was performed as earlier described . DNA purification from all the samples (IPs and Inputs) was performed using QIA quick PCR purification kit (QIAGEN, Valencia, CA, USA) according to the manufacturer's instructions and eluted in 50 ll of elution buffer. Template DNA was further serially diluted to achieve a linear range of amplification. For WCE, in the case of STB primers 1:50 and 1:500 dilutions were used whereas for CEN primers 1:10 and 1:50 dilutions were taken. For all the IP samples (1Ab or 2Ab), 1 and 1:5 dilutions were used. PCR amplification with a set of target-specific primers was performed and relative ChIP signal (Enrichment/Input) for a locus was quantified by subtracting the respective 2Ab signal (only beads sample) and further normalized it with the input signal. Quantification of the band intensities was performed using image J software. Error bars shown in the figures represent standard deviation from the mean after repetition of experiment atleast for two times.
Plasmid stability assay and loss rate calculation
The plasmid stability assays were performed in WT and all the MAP mutants (bik1D, bim1D, ase1D, stu1-6HA-AID and stu2-6HA-AID) which are [Cir 1 ] (harboring endogenous 2 m plasmid) strains. The YEplac181 (LEU2), YCplac111 (LEU2), YRp17 (TRP1) were used as STB, CEN and ARS reporter plasmids, respectively, for the assays. Cells harboring reporter plasmids were grown overnight under selection at 308C. Cells were inoculated in 5 ml of YPD (nonselective medium) to a density of approximately 5 3 10 4 cells/ml (generation 5 0) and were grown for almost 30-40 h (10-12 generations). Cells at generation '0' or at '10' were streaked on YPDA for single colonies and 150-200 colonies were patched on respective SD (synthetic dropout) plates to count the number of plasmid bearing cells. To obtain the plasmid loss rate under conditions of Stu1 or Stu2 depletion, the early log phase cells harboring the plasmids were divided into two parts -in one, 1 mM auxin was added, and the other was used as no auxin control. Cells were further grown for six more hours, and subsequently, the same procedure as outlined above was followed to find out the final stabilities. To calculate plasmid loss rate following method was used as previously described (Cui et al., 2009; Ma et al., 2013) . The loss rate per generation (or the instability index) I 5 (1/n) [ln (f 0 /f n )], where f 0 and f n denote the fractions of plasmid-bearing cells at generation '0' (initial stability) and after 'n' (final stability) generations of non-selective growth. The experiment was repeated at least for three times, and error bars represent the standard deviation from the mean.
Fluorescence microscopy
All fluorescence imaging was performed as previously described (Mehta et al., 2014) . Processing and merging of the images performed using Zeiss AxioVision software.
Lac operator-containing plasmid segregation assay
Lac operator-containing plasmids were introduced into GFP-Lac repressor containing yeast strains (wild-type and different mutants) using transformation. Overnight grown cells in SD (synthetic dropout) medium were reinoculated at an OD 600 of 0.2 in the same fresh media and were further grown till 0.6-0.8 OD 600 . DAPI (4 0 ,6 0 diamidino-2-phenylindole) staining was performed to visualize nuclei as previously described (Agarwal et al., 2015) . Plasmid foci were visualized using GFP excitation and the emission filter. Images were acquired at different Z-stacks (0.35 mm each) using multidimensional acquisition tool from the axiovision software. The criteria for scoring equal (Type I) and missegregation (Type II) is based on the ratio of mother to daughter fluorescence intensities following subtraction of the background intensity from each (Supporting Information  Fig. S1 ). The values between 0.75 and 1.5 were categorized as equal segregation (Type I) whereas the values either greater than 1.5 (more plasmids to the mother) or less than 0.75 (more plasmids to the daughter) were categorized as unequal segregation (Type II). Type III missegregation was scored when there were no plasmid foci observed in the daughter bud.
Sister plasmid cohesion assay
The genesis of pSG1 (a single copy lac operator-containing CEN-STB reporter plasmid) has been previously described (Ghosh et al., 2007) . The WT and mutant strains were transformed with the plasmid and sister plasmid cohesion assays were performed as described earlier (Ghosh et al., 2007; Cui et al., 2009 ).
Monohybrid assay
Monohybrid assay was carried out according to the manufacturer's instructions (Clontech Laboratories, USA). Yeast strain YM4271 and plasmids (pHisi-1, pGAD424) used for monohybrid assays were obtained from Clontech Laboratories. The full STB region, proximal and distal (600 bp), was amplified by PCR and cloned upstream to the basal promoter of a HIS3 reporter in the vector pHisi-1 as EcoRIXbaI fragment to produce pHisi-1-STB, upon linearization using XhoI, was integrated at chromosomal HIS3 locus into YM4271 [Cir 1 ] to obtain SGY3047. So STB served as UAS (upstream activating sequence) for integrated HIS3 reporter. BIK1, BIK1-CTD40, and REP1 ORFs were cloned separately into the pGAD424 vector to fuse Gal4 activation domain to their N termini. Different concentrations of 3 AT (3 amino, 1, 2, 4 triazole) were first used to check complete cessation of growth of the strain SGY3047. 45 mM 3AT was found to be suitable to suppress any basal level of HIS3 expression. For monohybrid assay, strain SGY3047 was transformed with different plasmids pGADBIK1-CTD40, pGADBIK1, pGADREP1 and pGAD424 separately and the transformants first selected on SD solid medium lacking leucine were assessed for growth on SD solid medium lacking histidine and leucine and harboring different concentrations of 3-AT.
Other procedures
Microtubules were depolymerized as previously described (Fernius and Marston, 2009) . Typically, the cells were treated with a mixture of benomyl (30 mg/ml) and nocodazole (15 mg/ml) for 1 h which was followed by additional 1 h of incubation with nocodazole (7.5 mg/ml). Microtubule depolymerization was verified by immunofluorescence using anti-tubulin antibodies (Mehta et al., 2014) . 1mM auxin was added in different experiments wherever the auxin-based degron strategy was used to deplete proteins. The depletion was verified using Western blotting.
